Since Cu was found to be attractive as interconnect materials for ultra-large scale integrated (ULSI) Si devices, the electrical properties of Cu films have been extensively studied to prepare low resistance films. It was found in our previous papers that reduction of the electrical resistance of the Cu films was achieved by increasing grain sizes of the Cu films and large-grained Cu films were essential for the low resistance Cu interconnects. The primary factor to increase the grain sizes was also found to be intrinsic and/or extrinsic strain (or stress) introduced into the films. The present paper addresses the driving force of the grain growth of the Cu thin films based on the strain energy criterion model.
Introduction
Since performance of ULSI Si devices was found to be controlled by RC delay (where R is the electrical resistance at the interconnects and C is the capacitance of the insulators), efforts have been continued to reduce the wiring resistance and the insulator capacitance. Replacement of aluminum alloy interconnect materials by copper (which has about 40% lower resistivity compared with the aluminum alloy) reduced not only the device switching times but also the fabrication cost. However, the resistivity of the Cu wires was demonstrated experimentally to increase rapidly 1) when the wiring width approached to the mean free path ($39 nm) of the conducting electrons as predicted by theories. [2] [3] [4] Our experiments suggested that the conducting electrons primarily scattered at the grain boundaries in Cu thin films, 1) causing an increase in the electrical resistivity of sub-micron scale Cu wires with small grains. Thus, large-grained Cu interconnects are essential to realize high performance ULSI Si devices.
To develop a fabrication technique of large-grained Cu interconnects, understanding of a grain growth mechanism of Cu thin films is essential. Although several parameters (such as surface energy, grain boundary energy, impurities, etc) to control the grain growth of the Cu thin films were proposed, [5] [6] [7] [8] we demonstrated experimentally in our previous papers 9, 10) that the strain (or stress) introduced into the thin films was the primary factor to enhance the grain growth specially at low temperatures in addition to surface/grain boundary energy.
The purpose of the present paper was to understand a grain growth mechanism of Cu thin films based on the strain energy criterion model. 11) For this purpose, the previous experiments 9, 10) were briefly reviewed which demonstrated importance of strain (or stress) in thin Cu films to enhance grain growth. Then, a mechanism why the strain (or stress) in the films enhanced growth of Cu grains was explained based on the strain energy criterion model.
11)

Review of Previous Experiments and Theory
Review of experiments
In order to study the effect of intrinsic and extrinsic strains on the grain growth of the Cu thin films, 100 nm-thick Cu films were prepared on different substrates by a magnetron sputter-deposition technique with base pressure of 2:7 Â 10 À6 Pa. 9) The cross-sections of the samples were schematically shown in Fig. 1 The choice of the Si 3 N 4 /Si substrate (sample A) was that an amorphous thin Si 3 N 4 layer was easily coated on the (100)Si substrate. In addition, 100 mm square Si window could be opened by etching the Si substrate without breaking the Si 3 N 4 layer, which was needed to observe the microstructure of the Cu film without removing the films from the substrate by transmission electron microscopy. Since the thermal expansion coefficients of Si are smaller than those of Cu, the compressive strain was introduced into the Cu film upon heating sample A. The choice of the rock salt substrate (sample B) was that the thermal expansion coefficients of the rock salt are larger than those of Cu and thus the tensile strain was introduced into the Cu film upon heating sample B. Another reason to use the rock salt substrate was that a free-standing Cu film (sample C) could be prepared simply by dissolving the rock salt of sample B in water.
Microstructural observations of samples A, B, and C were carried out by transmission electron microscopy before and after annealing the samples in vacuum or in 5% H 2 /N 2 mixed gas ambient. Sample C was supported by copper meshes to eliminate introduction of thermal strain in the films during annealing at elevated temperatures. The important conclusions obtained in the previous experiment 9) are summarized below.
(1) Grain growth of the Cu films was strongly enhanced by existence of the substrates during storage of the samples at room temperature. Although grain growth of sample C was not observed, significant grain growth was 12) observed simultaneously relaxation of strain in the film and grain growth during room temperature storage.
Review of theory
The strain energy criterion model 11) (which was originally developed to determine the maximum thermal strain that could be supported elastically in Pb thin films 12) deposited on the Si substrates) was applied here to understand the grain growth mechanism of the Cu thin films observed in our previous experiments. 9, 10) This model is briefly reviewed here. The total strain energy E of a film (which is strained intrinsically or extrinsically and the strain is partially relaxed by dislocation glide) is divided into two parts,
where E elast is the energy associated with a uniform elastic strain and E 0 disloc is the energy of the dislocation strain field. These energies are calculated in a grain with rectangular volume (g Â g Â h) with grain size g and thickness h. Assuming N dislocations glide across a grain and relaxed the intrinsic (or thermal) strain level from " 0 to an average level ", the E elast term is given by,
where Y is the Young's modulus of the film. The E 0 disloc is given by,
where E disloc is the energy associated with a dislocation loop present in the film, and N is the number of dislocations given by,
where Á" is the amount of strain each dislocation can relax, and is given by Á" ¼ f b 0 =g (where b 0 is the projection of the edge component of the Burgers vector on the film surface and f is the average displacement in units of the Burgers vector).
The total energy E 0 (per unit volume) of the film is given by,
The energy E disloc represents the energy of the dislocation loop and is expressed by,
where E D and E D are energies per unit length of the dislocation loop. The total energy E 0 given by eq. (5) is schematically shown in Fig. 2 as a function of " together with the elastic energy term (the first term of eq. (5)) and the energy associated with dislocations (the second term). The critical strain " Ã at which E 0 is minimum is given by, Figure 2 indicates that when the strain " 0 is applied to the film with grain size g and thickness h, the strain is (plastically) relaxed at the amount of (" 0 À " Ã ) and the film is elastically supported by the amount of "
Ã . An excellent agreement between strains calculated by eq. (7) and the residual elastic strains measured in Pb thin films which were deposited onto the Si substrates and cooled to 4.2 K was observed, 13) indicating the validity of this model to calculate the elastic strain supported by the film under tensile or compressive strain.
Grain Growth Mechanism Based on Strain Energy Criterion Model
When a polycrystalline film with various grain size g i (as shown schematically in Fig. 3) is strained intrinsically or extrinsically to the value of " 0 and the residual elastic strain in the grain is ", the strain energy (per unit volume) stored in the grain is given by,
The energies E 
where i ¼ 1 or 2. The grain with small size g 2 stores the strain energy (per unit volume) larger than that of the grain with large size g 1 . Therefore, the best way to reduce the strain energy stored in the grain with small size is to grow the grain size which enhances the strain relaxation by dislocation glide. Therefore, grain growth was observed in samples A and B which introduce strain into the films from the substrate and not in free-standing sample C. 9) Also, based on the present grain growth model, a higher density of dislocations are expected to be introduced into the grains after grain growth. These dislocations were observed experimentally in the previous TEM experiment. 9) Although eq. (8) gives the strain energy in a film with isotropic elastic constants, metallic films such as Cu have, in general, anisotropic elastic constants. The elastic energies (E hkl ) of the Cu film which has various (hkl) grain orientations were calculated by,
where 0 ij is the stress and S 0 ijlm is the compliances of a (hkl) oriented grain. The E hkl values were calculated for Cu films where the elastic constants of C 11 ¼ 168:4 GPa, C 12 ¼ 121:4 GPa, and C 44 ¼ 75:4 GPa measured at room temperature were used. 14) In order to read off easily the E hkl values of any oriented grains, the values were plotted on the upper halfsphere of (111) stereographic projection as shown in Fig. 5 , where [111] direction is normal to the figure and [ " 1 110] direction is the vertical axis. The maximum and minimum values in E hkl are observed in (111) and (100) oriented grains, respectively, and the E hkl value of the (111) oriented grains is more than a factor of two larger than that of (100) oriented grains. This result indicates that at a given strain a (111) oriented grain stores an elastic strain energy larger than that of a (100) oriented grain with the same grain size (Fig. 6) . Therefore, to reduce the strain energy efficiently, relaxation of the elastic strain in the (111) oriented grain by increasing the grain growth is more favorable. Therefore, growth of (111) oriented grains was observed in the Cu films upon annealing at elevated temperatures.
Summary
A new grain growth model for Cu thin films was proposed based on the strain energy criterion model at temperatures where dislocation glide was the dominant strain relaxation mechanism. Based on this model, the grains of the Cu films under tensile or compressive strain were explained to grow primarily to reduce the elastic strain energy by dislocation glide, because the dislocations are easily introduced into large grains upon introduction of strain into the films. This model agreed very well with our previous experiment in which rapid grain growth was observed in the strained films bonded to the rigid substrates during room temperature storage, but no grain growth was observed in the strain-free (free-standing) films. Also, this model explained well the experimental results in which the growth mechanism was not influenced by sign of the strain introduced into the films and the (111) oriented grains grew preferably with introduction of a high density of dislocations after grain growth.
